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Abstract 



Creation of an antenna system that could autonomously adapt contours of reflecting 
surfaces to compensate for structural loads induced by a variable environment would 
maximize performance of space-based communication systems. Design of such a system 
requires the comprehensive development and integration of advanced actuator, sensor and 
control technologies. As an initial step in this process, a test has been performed to assess 
the use of a shape memory alloy as a potential actuation technique. For this test, an 
existing, offset, cassegrain antenna system was retrofit with a subreflector equipped with 
shape memory alloy actuators for surface contour control. The impacts that the actuators 
had on both the subreflector contour and the antenna system patterns were measured; the 
measured data is presented herein. The results of this study indicate the potential for 
using shape memory alloy actuation techniques to adaptively control antenna 
performance; both variations in gain and beam steering capabilities were demonstrated. 
Future development effort is required to evolve this potential into a useful technology for 
satellite applications. 

Introduction 


Space-based communication antennas are fabricated with state-of-the-art composite 
materials to meet stringent dimensional tolerance and weight specifications. 

Optimization of antenna system performance requires on orbit structural control of these 
reflector surfaces. Variations in thermal loads throughout an orbit can produce distortions 
in antenna structures, resulting in cyclic gain disturbances and the potential need for 
periodic recalibration. One proposed approach to mitigate the impacts of such 
disturbances is to develop an adaptive antenna system that provides for active control of 
reflector surfaces. Creation of such a system will require the comprehensive development 
and integration of advanced actuator, sensor and control technologies. As a first step in 
this process, a demonstration of using shape memory alloy actuators to attain antenna 
surface control has been undertaken. The principle thrust of this effort concerns the 
measurement of reflector deformations and the associated changes in the Held patterns 
that can be attained in a representative adaptive antenna system. 

Technical Approach 

The cassegrain antenna, developed by TRW for the NASA Advanced Communications 
Technology Satellite (ACTS) program, was selected as the baseline system for this study. 
This antenna consists of a 106.8 inch diameter primary reflector that is offset fed by a pair 
of subreflectors and a cluster of feed horns. For this study, the baseline design was 
modified to use a single subreflector and a single feed horn; this test configuration is 
shown in Figure 1. The test subreflector was designed to be dimensionally equivalent to 
one of the baseline subreflectors. A system of shape memory alloy actuators were 
incorporated into the test subreflector design to allow for alteration of the reflecting 
surface contour, thus providing a means to vary the response of the antenna system. 
Measurements of both dimensional changes that occur at the subreflector contour and the 
impacts that such changes have on the near- and far-field patterns produced by the 
antenna system were taken for various actuation schemes. The resultant data set. 


presented herein, provides an initial basis for evaluating the relative merits of using shape 
memory alloy actuation techniques in adaptive antenna design concepts. 

The adaptive subreflector, shown in Figure 2, consists of a hyperbolically contoured, 
honeycomb panel with a series of hubs located on the back (non-reflecting) side of the 
panel and sets of shape memory alloy wires suspended between adjacent hub pairs. Each 
wire set, referred to as a string, consists of 20, 0.020 inch diameter, NiTiNOL wires 
aligned in a plane parallel to the panel; the ends of the wires are locked into the respective 
hubs. The wire sets are electrically coupled to a power supply such that current flow in 
each string can be individually controlled. Strain gauges are attached to the back side of 
the panel, located essentially at the mid points of the wire sets; one gauge per string. 
These strain gauges are wired into feedback circuitry that limits the current flow in the 
strings to yield desired levels of localized strain in the panel. The desired strain levels are 
set by the relative positions of slide potentiometers; each string has a dedicated control 
potentiometer. When zero current flows through a string, the wires apply no load to the 
panel and the original (baseline) contour is maintained. Application of current heats the 
wires, resulting in a contraction force that pulls the hubs together, locally strains the panel 
and alters the contour. Subsequent removal of current flow permits the wires to cool, 
relaxing the applied force and allowing the panel to spring back to the original contour. 



Figure 1. Antenna System Test Configuration 
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Subreflector as viewed looking at reflective (convex, front) surface; 
hubs, actuator wire sets & strain gauges are located on back, viewed 
as if panel is transparent. Note, the subreflector contour is that of an 
offset hyperbolic surface, +Y points toward the vertex; therefore, the +Y 
half has move curvature than the -Y half. 


Figure 2. Adaptive Subreflector 


Two series of tests were performed in this study: the first involved the use of a theodolite 
system to measure subreflector contour deformations caused by the actuator strings; in 
the second, antenna patterns were measured for various subreflector actuation schemes. 
Both of these test series are discussed in detail below. The primary intent of these tests 
was to provide a data set sufficient to allow future structural modeling of the adaptive 
subreflector (use deformation data) and to make a preliminary assessment of the adaptive 
antenna concept (use antenna pattern data). 



Theodolite Tests 


The adaptive antenna subieflector was exercised to confirm the operation of and to 
measure the deflection and strain caused by the various shape memory alloy actuators 
mounted on the back of the unit. Deflections and strains were measured for: (1) the 
actuation of each individual string, (2) the combined actuation of all strings and (3) the 
combined actuation of the perimeter strings. During these tests, each string actuation was 
set to roughly 20% of the maximum possible strain capability. The results, consisting of 
deflection and strain measurements, are presented in Appendix A. These results indicate 
that all strings are functional and provide a base set of data necessary for future structural 
analysis of the this adaptive subreflector design. 

Objectives 

The primary objective for exercising the adaptive antenna subreflector was to confirm 
that all strings are functional and have the ability to deform the reflecting surface. A 
secondary objective was to gather quantitative data regarding the relative motion and 
strain imparted to the subreflector by the various strings. 

Approach, Setup & Operations 

The basic approach used to perform the operational tests was to mount the subreflector on 
a rigid support structure and then measure the positions of select points on the 
subreflector surface both before and during actuation of the various strings. Strains at 
select points on the back side of the subreflector were also measured both before and 
during each actuation. Measurements were taken for each string actuated individually 
and then two composites were taken: one where all strings were actuated simultaneously 
and one where only the perimeter strings were actuated. A theodolite system was used to 
measure subreflector deflections; the strain gauges used in the feedback control loops for 
the shape memory alloy actuator strings measured strains. 

The upper half of the antenna support structure, to which the subreflector normally is 
mounted when the antenna is fully assembled, was used to hold the subreflector for the 
theodolite tests. This structure was laid over backwards so as to allow positioning of the 
subreflector in a nearly vertical orientation (see Figure 3), thus simplifying both the 
mounting process and the taking of data. Since the antenna support structure was used, in 
this test, simply to support the subreflector in an opportune orientation for the 
measurement system, no attempt was made to place the subreflector in the proper 
orientation required for antenna alignment. (In fact, the subreflector was rotated 180 
degrees about the Z-axis from the "proper antenna alignment orientation"; refer to Figures 
1 & 3.) The subreflector was supported off the center hub ("H", see Figure 2) which was 
connected to the support structure using four bolts equally spaced around the hub. 

Fifteen theodolite targets were placed on the front (reflecting) surface of the subreflector; 
these targets were located at the approximate projected centers of the hubs (note that the 
hubs are on the back of the subreflector) and were assigned letter designators that 
matched their corresponding hub designators (refer to Figure 2). The contour of the 
subreflector surface was mapped by measuring the locations of these fifteen target points 
using the dual telescope, theodolite system. The twenty-eight strain gauges that provide 
feedback to the string control electronics were monitored during the actuation tests to 
obtain strain data. Note that there is one anomaly in the shape memory alloy wire layout 
between hub pairs that needs mention; refer Figure 2 to follow this discussion. The 
center hub (H) is unique in that no wires are attached to this hub. Instead, a cutout has 
been provided that allows the wire set spanning between hubs E and K to pass through H. 


Due to the location of H between E and K, no strain gauge is located under this E-K 
string. Since the E-K string has no strain gauge available for feedback control, this string 
was never actuated during any of the tests. References made herein to all strings imply 
all but string E-K. 

The baseline approach for measuring subreflector deflection was to first map the 
subreflector front surface prior to string actuation; map the surface after string actuation 
and surface stabilization (which required just a few seconds); then deactuate, allow the 
surface to restabilize (which required roughly 15 minutes) and remap. The remap 
provides the initial map for the next string actuation. This baseline approach was 
followed throughout the first day of testing during which the individual actuations of four 
different strings (i.e., A-C, A-E, B-D & B-E) were tested. The results of this first day of 
testing indicated that the subreflector nominally returns to original shape once a given 
string is deactuated; therefore, the remapping exercise was deemed to be unnecessary and 
deleted from the procedure. Thereafter, a baseline map was taken at the beginning of 
each day and assumed valid throughout that day of testing; a minimum of 15 minutes was 
allowed between string deactuation for one test and string actuation for the next to allow 
the subreflector to return to the baseline state. 


Due to a lack of available equipment during the first three days of testing, only 20 (of 28) 
strain gauges could be monitored at a given time; therefore, only this subset of strain 
gauge data was taken during the tests where each string was actuated individually. This 
subset of data was adjusted as required to always include the strain gauge of interest (i.e., 
that one located below the string being actuated). During the final day of testing, the 
required equipment was available so that all 28 strain gauges could be monitored; 
therefore, a complete set of strain gauge data was taken when the two combined actuation 
tests (i.e., all strings and just perimeter strings) were performed. 



Figure 3. Theodolite Test Configuration 



For all theodolite tests, string actuation was limited to yield roughly 20% of the maximum 
producible strain. This limit was achieved by mounting stop bars on the control box to 
restrict the allowable motion of the slide potentiometers (used to set strain levels) to 
roughly 20% of their total available motion. Actuation of a given string was 
accomplished by simply sliding the potentiometer control lever up against the stop bar. 
This limitation was imposed to preclude damaging the subreflector. 

Results & Observations 

Data collected during the subreflector actuation tests is presented in Appendix A; one 
data sheet is provided per test. Each data sheet contains: (1) a diagram of the 
subreflector which indicates the actuated string(s); (2) a listing of the relative power 
levels (% of total capability) at which all strings were set during actuation; (3) the strain 
data measured once the surface stabilized following actuation; (4) the measured positions, 
both before (baseline) and after actuation, of the 15 theodolite targets mounted on the 
subreflector surface; and (5) the computed relative motion of the 15 targets. This data 
provides deformation and strain information necessary to support future modeling and 
analysis efforts required to better understand the extent of contour control provided by the 
actuation system developed for this particular adaptive subreflector design. 

The original plan for exercising the strings was to test each string individually and then 
run one additional test with all strings actuated; this plan was followed. Results of the 
individual string actuation tests verified all strings to be operational. Evaluation of the 
deformation data from these tests (see Figures A-l through A-28, Appendix A) reveals an 
asymmetry in the structural characteristics of the subreflector that appears to be most 
evident in the -X+Y quadrant. This conclusion is drawn by simply comparing the 
location of maximum deformation caused by a given string in a given quadrant to that of 
a symmetric string in another quadrant Such comparisons indicate that 4 of 6 strings per 
quadrant yield symmetric responses for the following quadrant pairs: +X+Y/+X- Y 
(symmetry about X-axis), +X-Y/-X-Y (symmetry about Y-axis) and +X+Y/-X-Y 
(diagonal symmetry). However, only 2 of 6 strings yield symmetric responses when 
comparing the -X+Y quadrant with +X+Y or +X-Y and only 1 symmetric response is 
noted when compared with -X-Y. 

During the "all strings actuated" test the perimeter strings were noted to be slack. The 
lack of tension in the perimeter strings implied that only the inner set of strings were 
actually deforming the subreflector and that the resultant strains induced at the perimeter 
by the actuation of this inner set of strings was greater than the strains produced by the 
perimeter strings when actuated at the same power level as the inner set. To test this 
hypothesis, an additional test was conducted where only the perimeter strings were 
actuated. The strains measured around the perimeter during the "all strings actuated" test 
were found to be, on average, 3.5 times greater than those measured during the "perimeter 
only" test (refer to Figures A-29 & A-30, Appendix A). 



Near-Field Tests 

A series of tests were performed at the Near-Field Measurement Laboratory on the 
adaptive antenna system to determine the impact of the shape-actuated subreflector on 
system performance. These tests were conducted following an initial boresighting 
operation during which the subreflector was aligned within the antenna system and 
baseline performance was measured with no subreflector actuation. The subreflector 
actuation schemes considered in this test series include symmetric actuation of all strings, 
asymmetric actuation across subreflector axes and selective actuation of strings to attain a 
desired deformations. The results obtained from these tests reveal the relative efficacy of 
using shape memory actuation technology to attain adaptive antenna control. 

Objectives 

The primary objective for performing the near-field tests was to measure the extent of 
gain change and beam steering that can be attained by flexure of the adaptive subreflector 
using various actuation schemes. A secondary objective was to use microwave 
holography to map the changes in the subreflector surface caused by the actuations. 
Results of these measurements provide a basis for assessing the feasibility of the adaptive 
antenna concept 

Boresighting Operations & Evaluation 

To dramatically demonstrate the effects of surface distortion, the decision was made to 
test the system at 26 GHz. To do this testing required a precision alignment of the 
antenna system; however, the alignment geometry was not clearly known because the 
original subreflector and feed were not included in the system when delivered. Therefore, 
the system was aligned using data collected from the near-field scanner starting at a lower 
frequency. After several iterations to determine the proper gain of the feed and 
approximate location of the subreflector for optimum system performance at 6 GHz, the 
frequency was increased to 18 GHz and then 26 GHz. 

The boresighting of this antenna was complicated greatly by the lack of meaningful 
mechanical reference points. With a center fed reflector, approximate lateral alignment is 
known by merely finding the center of the reflector; axial alignments of the feed and 
subreflector are then roughed in by measuring distances from the center or vertex to each 
of these pieces of hardware. With a large offset reflector, conventional crude methods are 
not very useful. Without an obvious lateral position marked, positioning of the 
subreflector could only be guessed at based upon the remaining mounting hardware. This 
initial guess turned out to be over 8 inches off. This error was determined through the 
near-field measurements indicating that the feed needed to be located directly over the 
main reflector to achieve a beam peak on boresight. After making this correction to the 
subreflector, the feed position could be finely tuned both axially and laterally. The 
resultant system response at 6 GHz is shown in Figure 4. The pattern is nearly ideal at 
this frequency, with surface errors resulting in only 0.018 dB loss. The focusing of the 
antenna is clearly near optimal because of the symmetry of the first sidelobes and the 
depth of the null between the main beam and first sidelobe. 
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Figure 4: 6 GHz Far-Field Data After Alignment 






Next, the alignment process was repeated at 18.6 GHz. After verifying reasonable 
performance at 18.6 GHz, the frequency was increased to 26 GHz. Initially the SA 
standard gain horn from 18 to 26 GHz was used as the feed for this measurement; 
however, the gain of this horn was too high so the SA standard gain horn from 26 to 40 
GHz was used instead. This hom change reduced the feed gain from 24.9 to 23.2 dB, 
broadening the beam width from 13° to 15.9°, much closer to the 17.2° beamwidth 
desired to achieve a 10 dB edge taper. The actual edge taper is shown in Figure 5, a 
contour plot of aperture amplitude. The aperture amplitude was obtained by taking the 
data collected over the near-field and performing a mathematical transformation to 
regenerate the data as it would appear in a plane level with the center of the reflector 
surface. Figure 6 shows the amplitude data that was collected in the near-field 110 inches 
above the reflector. In the near-field data the amplitude is significantly distorted, this 
distortion is caused by the propagation of surface errors interfering with the desired plane 
wave. At the aperture plane this effect is greatly reduced even though it is primarily 
caused by the subreflector, the reduction in the effect on amplitude arises from the fields 
only having traveled a third of the distance they travel to reach the near-field scan plan. 
Figure 7 shows the far-field performance of the nominal antenna system. Although, this 
pattern has obviously been degraded by surface errors, it is still a reasonable pattern for 
some applications. For this research effort the important effect to measure is the change 
from nominal, this change can be directly evaluated by the methods described above of 
aperture back projection followed by one intuitive step described below. 

To clarify the effects of flexing the subreflector, the decision was made to plot the 
patterns resulting from ratioing aperture phase before and after subreflector actuation. 

This approach dramatically reduces the effects of surface position errors in the nominal 
case as can be seen in Figure 8, a plot of the far-field resulting from ratioing the nominal 
aperture fields on successive days. As the plot shows for this idealized case there is a 
slight asymmetry between the E and H-planes of data, with the H-plane of the data 
running from the top to bottom of the page. The lower sidelobes of the E-plane are due to 
the narrower beamwidth of the E-plane of the hom increasing the edge taper of the 
aperture by 5 dB (see Figure 5). 

At 26 GHz, with the proper hom alignment and hom gain, two drivers on system 
performance became readily apparent. First, the surface of one of the reflectors was not 
very good for this frequency band. Good surfaces for most applications are considered to 
have surface roughness not exceeding 0.01 wavelengths RMS (root mean squared) or loss 
due to surface errors of 0.017 dB. At 26 GHz, the 0.005 wavelength roughness would 
correspond to 0.0023", the observed system surface RMS at nominal was much higher — 
almost 0.01" or approximately 0.022 wavelengths. This amount of surface error results in 
a gain loss of approximately 0.34 dB. Because the main reflector, a graphite honeycomb 
construction, should not have deformed significantly since original baselining, the RMS 
of the main reflector was assumed to be 0.0055", based upon a 1984 report This leaves a 
residual RMS for the subreflector of 0.0083”. The second driver on system performance 
was the relatively small, usable area of the subreflector, as shown in Figure 9. This active 
region corresponded to the 22.6" diameter beam aperture image having an area of 401 
square inches; the total area of the subreflector was 1 126 square inches. Within this 
usable area, the subreflector has only 4 actuator strings available for tensioning. In 
addition, there was an extra node (hub H, see Figure 9) in this region making it stiffer 
than the remaining subreflector. Deformation data gathered during theodolite testing (see 
Appendix A, Figure A-29) confirms the relative stiffness within this active region. 
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Figure 5: Aperture Field Amplitude Plot 
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Figure 6: Near-Field Amplitude Plot 



- 1.0 -.8 -.6 -.4 -.2 0.0 .2 .4 .6 .8 1.0 

AZIMUTH ANGLE IN DEGREES 

Color Scale (dB): 


Purple 

= -0.0001 

Yellow 

= -15 

Blue 

= -3 

Orange 

= -20 

Green 

= -5 

Red 

= -25 

Lime 

= -10 

Black 

= -30 


Figure 7: Reference Baseline Far-Field with Surface Errors 
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Figure 8: Reference Baseline Far-Field with Ideal (Ratioed) Surface 




Figure 9. Antenna Subreflector Layout with Aperture Image Overlay 
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Test Descriptions, Results & Observations 

The first three tests performed with the subreflector actuated consisted of symmetric 
actuation schemes. In Test 1, all strings were actuated simultaneously at the 20% level; 
for Test 2, all but the ten perimeter strings were actuated at 20%; and for Test 3, only the 
ten perimeter strings were actuated, again at 20%. The actuation schemes used in Tests 1 
& 3 are identical to those used in the last two theodolite tests (see Appendix A, Figures 
A-29 & A-30) and were selected as points of cross reference. Test 2 was run to 
determine if die perimeter strings, when actuated at the same level as the interior strings, 
have any impact on the antenna pattern; results of the theodolite tests indicated that these 
perimeter strings should have no affect. The perturbation on aperture phase caused by 
actuating all strings at 20% (Test 1) is shown in Figure 10. The difference in aperture 
phase for Tests 1 and 2 is shown in Figure 1 1 and an overlay of the far-field antenna 
responses for these two tests is presented in Figure 12; the differences shown by these 
comparisons are minor implying that the two cases are essentially identical, as expected. 
Aperture phase results and far field data for Test 3 are presented in Figures 13 and 14, 
respectively. 

The results of these first three tests indicate that the placement of the perimeter actuators 
has made them relatively useless to effect significant changes in the performance of the 
antenna system, whereas, the interior set of actuators can easily change the system 
performance. In addition, beam steering and gain change, desired goals of this test effort, 
have been achieved. The gain change attained in Test 1, clearly seen in the broadening of 
the main beam of the pattern (compare Figures 8 & 12), was -0.62 dB. This gain loss was 
caused by the increased curvature of the subreflector defocusing the antenna and thus 
broadening the beam. The odd result of the actuation in Test 1 was the asymmetric 
distortion of the reflector in the offset plane. As shown in Figure 10, the one side of the 
aperture (row numbers <125) has remained almost fixed in position relative to baseline 
while the remaining area has pivoted about it This was expected to happen based on the 
subreflector design with the center point (node H) as a fixed position. However, what is 
surprising is that this fixed region on the reflector is apparently shifted off-center in the 
+Y direction (compare row/column coordinates in Figures 9 & 10) approximately 5 
inches. The assumption is that a stiff region must exist, caused by a varying end-to-end 
rigidity in the subreflector, rather than a simple hard point at the mounting node because a 
5 inch misalignment should have been readily perceived by visual inspection. All 
subsequent testing continued to show the apparent existence of this rigid region in the 
subreflector. Note that since the curvature of the subreflector is greater in the +Y half 
than in the -Y half (refer to note in Figure 2), a greater stiffness in the +Y half is not 
unexpected. 

The next four tests (4 through 7) performed on the antenna involved the use of 
asymmetric actuation schemes where only strings on a given half of the subreflector were 
actuated; all actuations were at the 20% level. For Test 4, all strings on the -Y half were 
actuated (i.e., strings A-B, A-E, B-D, B-E, B-G, D-G, D-J, E-G, G-J, G-K, G-M, J-M, K- 
M, K-P, M-P). In Test 5, all strings on the +Y half were actuated (i.e., strings A-C, A-E, 
C-E, C-F, C-I, E-I, F-I, F-L, I-K, I-L, I-N, K-N, K-P, L-N, N-P). The perturbations of the 
aperture phase for Test 4 and Test 5 are shown in Figures 15 and 16, respectively. The 
far-field perturbations of Tests 4 and 5 are overlaid in Figure 17. The noticeable effect of 
the stiff region under this condition was to reduce steering in the elevation direction for 
Test 5. Test 4 steered the reflector more because the actuated strings are located in the 
softer (-Y) region of the subreflector. 
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Figure 10: Aperture Phase Change with All Actuators at 20% (Test 1) 
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Figure 1 1 : Aperture Phase of Test 1 and Test 2 Ratioed 
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’igure 12: Overlay of Far-Field Perturbations of Test 1 
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Figure 13: Aperture Phase Change of Test 3 
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Figure 15: Aperture Phase Change of -Y Half Actuation (Test 4) 
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Figure 16: Aperture Phase Change of +Y Half Actuation (Test 5) 
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Figure 17: Overlay of Far-Field Perturbations of Test 4 and 5 




During Test 6, all strings on the -X half were actuated (i.e., strings D-J, F-L, G-J, G-K, G- 
M, I-K, I-L, I-N, J-M, K-M, K-N, K-P, L-N, M-P, N-P). For test 7, all strings on the +X 
half were actuated (i.e., strings A-B, A-C, A-E, B-D, B-E, B-G, C-E, C-F, C-I, D-G, D-J, 
E-G, E-I, F-I, F-L). Aperture phase perturbations for Test 6 and 7 are shown in Figures 
18 and 19, respectively; a comparison of the far- field perturbations is shown in Figure 20. 
Both cases resulted in predominantly steering only in elevation. The steering in the 
desired azimuth direction was minimal, primarily due to the lack of actuators within the 
area of the aperture beam. The beam distortion and resulting gain reduction was minimal, 
0.07 dB for Test 6 and 0.39 dB for Test 7. The fact that gain distortion in Test 6 was less 
than in Test 7 indicates a possible asymmetry in subreflector stiffness along the X-axis 
with the -X side being more stiff than the +X. Coupling this information with the 
previously noted stiffness variation along the Y-axis, one can conclude that -X+Y is 
probably the most stiff of the four quadrants. Note that results of the theodolite tests also 
indicated an apparent asymmetry located in the -X+Y quadrant. 

Next, three tests (8, 9 & 10) were performed in an attempt to effect a desired change in 
the subreflector contour. Evaluation of the data obtained in previous tests had indicated 
that the subreflector surface contour could be improved if the region near hub G were 
moved in the +Z direction. For Tests 8 & 9, intuitive reasoning (or lack thereof) was used 
to select the two strings (E-I & E-G for Test 8) and the one string (G-K used in Test 9) 
thought most likely to produce the desired contour improvement. Unfortunately, these 
guesses were incorrect because actuation of the selected strings did not improve, instead 
degraded the subreflector contour. For Test 10, intuitive reason was abandoned and 
replaced by quantitative assessment using theodolite test data to select all strings that 
cause +Z motion at hub G. Assuming the effects to be additive, this should produce the 
maximum possible desired change to the subreflector contour. The following strings 
were actuated at 20% for Test 10: B-D, C-I, G-J, G-M, I-L, I-N, K-N, K-P, L-N and N-P. 
(Note that string A-E also causes +Z motion at hub G, see Figure A-3, but was not 
included in this test - an oversight.) The aperture phase data for Test 10, shown in 
Figure 21, indicates that the +Z motion at hub G was obtained as desired. In general, the 
results from these contour modification tests indicate that although subreflector surface 
control is feasible, this particular design does not provide for tight control of the image 
aperture region. This lack of tight control is primarily attributed to the low density 
spacing of actuators within the region (see Figure 9) and use of an indirect actuation 
technique that uses actuator motion parallel to the surface (i.e., tension in the shape 
memory wires) to enact contour changes peipendicular to the surface (i.e., Z-axis 
displacements). Higher density, direct Z-axis actuation would be preferable. 

The final test (Test 1 1) was conducted to determine the relative amount of antenna pattern 
variation that could be generated by increasing the subreflector actuation level. For this 
test, all interior strings were actuated at roughly 50% of their maximum strain capability. 
Note that use of all interior strings is equivalent to actuating all strings, as proven in Tests 
1 & 2. The phase data obtained from this test is presented in Figure 22. Because more 
than one complete cycle of phase change has occurred across the aperture, the associated 
deflection is greater than 0.4 inches from nominal. This deflection did introduce an 
enormous quadratic phase error resulting in a gain loss from nominal of 3.28 dB. The 
resulting beam, seen in Figure 23, was steered almost a beamwidth and was distorted to 
roughly double the total beamwidth in the steered plane. Based on these test results it is 
obvious that with the minimal adjustment capability in this surface, drastic changes can 
be caused in system pattern performance without using the traditional complex 
beamforming network. 
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Figure 18: Aperture Phase Change of -X Half Actuation (Test 6) 
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Figure 19: Aperture Phase Change of +X Half Actuation (Test 7) 
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Figure 20: Overlay of Far-Field Perturbations of Tests 6 and 7 



25 . 45 . 65 . 85 . 105 . 125 . 145 . 165 . 185 . 205 . 225 

COLUMN NUMBER 

Color Scale: 


-180° 

< 

Black < 

-135° 

0° 

< 

Lime 

< 

45' 

-135° 

< 

Red < 

-90° 

45° 

< 

Green 

< 

90' 

-90° 

< 

Orange < 

-45° 

90° 

< 

Blue 

< 

135' 

-45° 

< 

Yellow < 

0° 

135° 

< 

Purple 

< 

180' 


Figure 21: Aperture Phase Change in Moving Node G Forward (Test 10) 
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Figure 22: Aperture Phase Change at 40% Actuation (Test 11) 







Proposed Applications & Recommendations 

The subreflector surface control system used for these tests obviously has several 
iterations to go through before it can be considered a viable technology for satellite use. 
Important improvements to be implemented in the design include reduction in power 
consumption, more predictable perpendicularly directed surface distortions and some 
preloading method to get the actuators in their midrange of travel for nominal condition. 
This method of surface control could be used on microwave antennas in the same way 
corrective optics are used on telescopes to compensate for thermal or gravitational 
loading that introduce a systematic distortion of the main reflector. Also, as the method 
becomes more refined with more nodes of control on the active surface, the surface could 
compensate for surface errors in the main reflector and atmospheric distortion. 
Compensation for the large cubic phase errors seen in beam steering could also be 
implemented to allow steering with only minor loss for smaller f/d antennas. Currently, 
the most convenient way to minimize steering losses is with large f/d antennas which can 
be extremely awkward to deploy. The important feature in whether the shape memory 
wire actuator technology has an application in the antenna field is whether the technology 
is cheaper, simpler, and more reliable as a mature technology than the other methods 
currently in use such as beamformers and mechanical actuator/gimbal systems. 

Conclusions 

The adaptive antenna test program demonstrated that noticeable changes to antenna 
patterns could be caused with minimal actuation of the subreflector, 20% actuation of an 
actuator string could easily be detected in the near-field measurement. Because the 
subreflector was shaped for near optimal performance with all actuators turned off, the 
only variance in gain attained during actuation was negative. Gain loss was 
accomplished by beam broadening, a similar implementation using a beamforming 
network would be much more lossy. Beam steering was less than a beamwidth, but this 
is reasonable for a system designed to produce small deflections. Much larger steering 
angles could have been achieved using a long shape memory wire actuator pulling 
perpendicular to the surface like a mechanical actuator. The overall test program 
described herein is considered to be a success in that the use of shape memory wire 
actuation to perform adaptive antenna control was proven feasible; however, the 
technology demonstrated obviously needs to go through several more development 
iterations to become a useful technology for satellite applications. 



Research Support Task for Large Scale Antenna Pattern Measurements in a Near Field 

Facility - Contract No. NAS1-18455 


Appendix A 
Theodolite Test Data 


Contents: 


Figure A-l. Theodolite Test - String A-B Actuated 33 

Figure A-2. Theodolite Test - String A-C Actuated 34 

Figure A-3. Theodolite Test - String A-E Actuated 35 

Figure A-4. Theodolite Test - String B-D Actuated 36 

Figure A-5. Theodolite Test - String B-E Actuated 37 

Figure A-6. Theodolite Test - String B-G Actuated 38 

Figure A-7. Theodolite Test - String C-E Actuated 39 

Figure A-8. Theodolite Test - String C-F Actuated 40 

Figure A-9. Theodolite Test - String C-I Actuated 41 

Figure A- 10. Theodolite Test - String D-G Actuated 42 

Figure A- 1 1 . Theodolite Test - String D-J Actuated 43 

Figure A- 12. Theodolite Test - String E-G Actuated 44 

Figure A- 13. Theodolite Test - String E-I Actuated 45 

Figure A- 14. Theodolite Test - String F-I Actuated 46 

Figure A- 15. Theodolite Test - String F-L Actuated 47 

Figure A- 16. Theodolite Test - String G-J Actuated 48 

Figure A- 17. Theodolite Test - String G-K Actuated 49 

Figure A- 18. Theodolite Test - String G-M Actuated 50 

Figure A- 19. Theodolite Test - String I-K Actuated 5 1 

Figure A-20. Theodolite Test - String I-L Actuated 52 

Figure A-21. Theodolite Test - String I-N Actuated 53 

Figure A-22. Theodolite Test - String J-M Actuated 54 

Figure A-23. Theodolite Test - String K-M Actuated 55 

Figure A-24. Theodolite Test - String K-N Actuated 56 

Figure A-25. Theodolite Test - String K-P Actuated 57 

Figure A-26. Theodolite Test - String L-N Actuated 58 

Figure A-27. Theodolite Test - String M-P Actuated 59 

Figure A-28. Theodolite Test - String N-P Actuated 60 

Figure A-29. Theodolite Test - All Strings Actuated 61 

Figure A- 30. Theodolite Test - Perimeter Strings Actuated 62 



Figure A-l. Theodolite Test - String A-B Actuated 
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Figure A-2. Theodolite Test - String A-C Actuated 
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Figure A-3. Theodolite Test • String A-E Actuated 


35 


Strain 

(microstrain) 

-5 

0 

8 

-1 

8 

0 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

nm 

Power 

(relative) 

oooooooooooooo 

String 

F-L 

G-J 

G-K 

G-M 

I-K 

I-L 

I-N 

J-M 

K-M 

K-N 

K-P 

L-N 

M-P 

N-P 




a 

ed 


Q 


3 

2 

c 

6 


<D 

$ 

3 

00 


i Relative Motion (Actuation - Baseline) 1 

d 

N 

-0.0395 

0.0057 

0.0029 

0.0109 

-0.003 

0.0062 

0.0007 

0.0024 

0.0064 

0.0155 

0 

0.0066 

0 

0.0023 

-0.006 

y — 

P 

> 

0.0086 

0.0007 

-0.0005 

-0.004 

0.0019 

0.0023 

-0.0037 

0.0024 

0.0012 

0.0016 

0 

0.0008 

0 

-0.001 

0.0012 

3 

>< 

-0.002 

-0.0009 

-0.0019 

0.0042 

0.0018 

-0.0037 

-0.0031 

0.0013 

-0.0036 

-0.0027 

0 

-0.0034 

0 

0.0012 

IE-04 

! Position During Actuation 

.5 

N 

-1.5741 

-2.0664 

-0.0833 

-3.4792 

-0.1602 

-0.0325 

-1.4371 

0.0026 

0.6305 

-3.4168 

-0.2023 

-0.1086 

-2.0183 

-0.2045 

-1.5443 

.5 

£ 

-0.3229 

-11.1583 

10.3362 

-21.2939 

-0.0351 

20.8858 

-10.8197 

0.0011 

10.5491 

-21.1403 

-0.0034 

21.0246 

-10.7262 

10.4905 

-0.1391 

c 

>< 

_ 

18.2825 

12.0136 

12.2762 

6.04 

6.3155 

6.3081 

-0.1194 

0.0011 

-0.1121 

-6.383 

-6.2466 

-6.0032 

-12.317 

-12.1344 

-18.1688 


p 

N 

-1.5346 

-2.0721 

-0.0862 

-3.4901 

-0.1572 

-0.0387 

-1.4378 

0.0002 

0.6241 

-3.4323 

-0.2023 

-0.1152 

-2.0183 

-0.2068 

-1.5383 

Baseline Positior 

a 

* 

-0.3315 

-11.159 

10.3367 

-21.2899 

-0.037 

20.8835 

-10.816 

-0.0013 

10.5479 

-21.1419 

-0.0034 

21.0238 

-10.7262 

10.4915 

-0.1403 


c 

>< 

18.2845 

12.0145 

12.2781 

6.0358 

6.3137 

6.3118 

-0.1163 

-0.0002 

-0.1085 

-6.3803 

-6.2466 

-5.9998 

-12.317 

-12.1356 

-18.1689 

Hub 






Figure A-4. Theodolite Test - String B-D Actuated 
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Figure A-5. Theodolite Test - String B-E Actuated 
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Figure A-6. Theodolite Test - String B-G Actuated 
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Figure A-7. Theodolite Test - String C-E Actuated 
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Figure A-8. Theodolite Test - String C-F Actuated 
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Figure A-9. Theodolite Test - String C-I Actuated 
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Figure A-10. Theodolite Test - String D-G Actuated 
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Figure A-ll. Theodolite Test - String D-J Actuated 
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Figure A-12. Theodolite Test - String E-G Actuated 
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Figure A-13. Theodolite Test - String fi-I Actuated 
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Figure A-14. Theodolite Test - String F-I Actuated 
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Figure A- 15. Theodolite Test - String F-L Actuated 
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Figure A-16. Theodolite Test - String G-J Actuated 
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Figure A-17. Theodolite Test - String G-K Actuated 
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Figure A-19. Theodolite Test - String I-K Actuated 
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Figure A-20. Theodolite Test - String I-L Actuated 
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Figure A-21. Theodolite Test - String I-N Actuated 
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Figure A-22. Theodolite Test - String J-M Actuated 
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Figure A-24. Theodolite Test - String K-N Actuated 
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Figure A-25. Theodolite Test - String K-P Actuated 
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Figure A-2 6 . Theodolite Test - String L-N Actuated 
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Figure A-27. Theodolite Test - String M-P Actuated 
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Figure A-28. Theodolite Test • String N-P Actuated 
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Figure A-29. Theodolite Test - All Strings Actuated 
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Figure A-30. Theodolite Test - Perimeter Strings 

Actuated Power & Strain Data 
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